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ABSTRACT

Despite a plethora of exceptionally preserved trilobites, trilobite reproduction has remained
a mystery. No previously described trilobite has unambiguous eggs or genitalia preserved.
This study reports the first occurrence of in situ preserved eggs belonging to Triarthrus
eatoni (Hall, 1838) trilobites from the Lorraine Group in upstate New York, USA. Like other
exceptionally preserved trilobites from the Lorraine Group, the complete exoskeletons are
replaced with pyrite. The eggs are spherical to elliptical in shape, nearly 200 um in size, and
are clustered in the genal area of the cephalon. The fact that the eggs are smaller than the
earliest-known trilobite ontogenetic (protaspis) stage suggests that trilobites may have had
an unmineralized preliminary stage in their ontogeny, and that the protaspis shield formed
only after hatching. The eggs are only visible ventrally with no dorsal brood pouch or recog-
nized sexual dimorphism. The location of the eggs is consistent with where modern female
horseshoe crabs release their unfertilized eggs from the ovarian network within their head.
Trilobites likely released their gametes (eggs and sperm) through a genital pore of as-yet
unknown location (likely near the posterior boundary of the head). If the 7. eatoni repro-
ductive biology is representative of other trilobites, they spawned with external fertilization,
possibly the ancestral mode of reproduction for early arthropods. Because pyritization pref-
erentially preserves the external rather than internal features of fossils, it is suggested that
there is likely a bias in the fossil record toward the preservation of arthropods that brood
eggs externally: arthropods that brood their eggs internally are unlikely to preserve any

evidence of their mode of reproduction.

INTRODUCTION

Trilobites are one of the most recognizable
and fascinating Paleozoic fossils. Despite the
fact that we know much about their ontogeny,
ecology, and evolution, almost nothing is known
about how they reproduced. Much of what has
been published about trilobite reproduction has
been based on ad hoc interpretations of sup-
posed associations of trilobites preserved while
copulating (Endo and Resser, 1937; Hu, 1971)
and dimorphic exoskeletal features that suggest
brooding pouches (Fortey and Hughes, 1998).
By knowing more about their reproductive
biology, we expand our knowledge about trilo-
bite autecology and can begin to address long-
standing research questions about trilobite mat-
ing behavior and reproductive strategies. All of
these questions will ultimately help illuminate a
much bigger question, i.e., what was the primi-
tive mode of reproduction for arthropods?

Until recently, little was known about how
any arthropod reproduced in the Paleozoic; sev-
eral papers have helped address this issue (Briggs
et al., 2016a, 2016b; Caron and Vannier, 2016;
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Duan et al., 2014; Siveter et al., 2007, 2014).
These contributions implicitly suggest that exter-
nal brooding was common among early arthro-
pods, i.e., the eggs or developing embryos were
carried externally under the carapace (Caron
and Vannier, 2016; Siveter et al., 2007, 2014),
attached to limbs (Duan et a., 2014), or attached
to enigmatic trailing filaments (Briggs et al.,
20164, 2016b; see Piper, 2016, for an alternate
interpretation).

MATERIALS AND METHODS

The descriptions below are based on two
specimens of Triarthrus eatoni (Hall, 1838) from
the Martin Quarry in the Whetstone Gulf Forma-
tion, Lorraine Group (Fig. 1; see Farrell et al.,
2009, for stratigraphic description). The Whet-
stone Gulf Formation is a set of dark mudstones
and siltstones that represent distal turbiditic sedi-
mentation in a deep-water, low-oxygen environ-
ment (Farrell et al., 2011). The paleoenvironmen-
tal conditions at the Martin Quarry are relatively
similar to those at Beecher’s Trilobite Bed (Far-
rell and Briggs, 2008, Farrell et al., 2009).

The specimens were collected and prepared
by one of us (Martin) using an air abrasion
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Figure 1. Origin of the pyritized, egg-bearing
specimens. A: Geologic and stratigraphic
context (after Farrell et al., 2011). B: Map of
New York State (northeastern USA); box indi-
cates location of the inset map. C: Inset map
showing the context Ordovician geology near
the site of the Martin Quarry (a).

system. Computed tomography (CT) data sets
of one of the fossils were obtained using the
North Star Imaging micro-CT scanner housed
at Vanderbilt University (Tennessee, USA), at
a resolution (i.e., voxel size) of 12.3 um (see
the GSA Data Repository' for details of scan
parameters). CT data sets were turned into .bmp
stacks, and then segmented using Image-J and
the SPIERSedit and SPIERSview software pack-
ages (see Sutton et al., 2012) to produce a three-
dimensional (3-D) digital model of the specimen.
They are housed at the Yale Peabody Museum
(Connecticut, USA; specimen prefix YPM).

DESCRIPTION

When viewed from above, the egg-like struc-
tures (Figs. 2C, 2E, 2F, 2K,and 2L) are ovoid
bodies averaging 167 pm (n = 6, range = 159-177

!GSA Data Repository item 2017052, parameters
from the microcomputed tomography scan data, is
available online at www.geosociety.org/datarepository
/2017, or on request from editing @ geosociety.org.
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Figure 2. Pyritized specimens of Triarthrus eatoni from the Ordovician Whetstone Gulf Formation (Lorraine Group),
upstate New York (USA). A: Ventrally preserved specimen (Yale Peabody Museum [YPM] 535703) showing nine eggs in
the specimen’s left genal angle. B: Ventrally preserved specimen (YPM 535704) showing four eggs in the specimen’s
right genal angle. C: Close-up of the egg-bearing region from the specimen in B. D: Close up of the egg-bearing region
from the specimen in A. E: Scanning electron microscopy (SEM) image of the eggs from the specimen in A and D. Note
that the perspective is twisted ~180° from that in D. F: SEM image of an egg from E. G: Close-up SEM image of the egg
surface from F. Note the dominant framboids and rare euhedral crystals of pyrite. H: Close-up of a limb from A. Note the
dominant framboids and rare euhedral crystals of pyrite. I: SEM image of a disarticulated cranidium (YPM 238366) that was
replaced with pyrite. J: SEM image showing the replacement fabric from I. Note the dominant euhedral crystals of pyrite.
K-M: Dorsal digital reconstruction of the specimen in A derived from microcomputed tomography scan data. L: Ventral
reconstruction. M: Left-ventral reconstruction. Scale bars in A and B are 5 mm long; scale bars in C and D are 2 mm long.
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um) in length along long axes. When viewed
from the side, they are compressed much like
the trilobite itself (which is compressed along
the dorsal-ventral axis). The structures appear
solid in the micro-CT scan data with no internal
detail preserved. They are replaced dominantly
with framboidal pyrite and rare euhedral pyrite
crystals (Figs. 2F and 2G). This is similar to
the pattern of pyritization observed for the tri-
lobite legs (Fig. 2H), but is different than that
observed for the exoskeleton (dominated by
euhedral crystals with rare framboids; Figs. 21
and 2J). The eggs have thus far only been iden-
tified on the underside of cephala belonging to
T. eatoni. They are located in the genal angle
set away from the doublure of one side of the
cephalon (the egg-bearing side varies from tri-
lobite to trilobite). The eggs have been observed
in clusters of three to nine eggs. This is likely a
low estimate; eggs may have been accidentally
destroyed during the air abrasion preparation
process, or additional eggs may remain hidden
in the sediment (although micro-CT scans have
not yet revealed any hidden masses of eggs).
There is no evidence for any sort of connecting
filaments or egg pouch that would indicate how
the eggs were attached to the cephalic region.
Due to the small number of specimens avail-
able for study, there is no observed relationship
between the size of the trilobite and presence of
eggs, or proportion of egg-bearing specimens.

DISCUSSION

The structures described here do not fit
alternate interpretations. They are too large to
be microbial fossils. Their distribution on the
exoskeleton would be puzzling for a type of
small epibiont, a fecal pellet, or localized pyrite
growth. Thus, the structures more readily fit an
egg interpretation. Their size, though small, is
within the size range known from other modern
arthropods (e.g., Shen and Huang, 2008; Thiéry
and Gasc, 1991) and fossil arthropods (Duan et
al., 2014; Siveter et al., 2014). Notably, the eggs
are somewhat smaller than the earliest growth
stage of trilobites, the protaspis. Edgecombe et
al. (2005) illustrated triarthrinid trilobite pro-
taspids that were ~600 pm long, and Mansson
and Clarkson (2012) illustrated olenid protas-
pids that were as small as ~270 um. This differ-
ence in size suggests that trilobites may have an
early, unmineralized stage in their life cycle that
preceded the protaspis phase. They are nearly
the same size as the enigmatic phaselus larva
attributed to trilobites by Fortey and Morris
(1978). The eggs are quite small compared to
the body size of T. eatoni: although the eggs
of the Cambrian bradoriid arthropod Kunmin-
gella douvillei are approximately the same size
as T. eatoni eggs, its body is much smaller (giv-
ing K. douvillei proportionally larger eggs; Duan
et al., 2014). The number of eggs carried by
T. eatoni is rather small by arthropod standards

(e.g., K. douvillei), but overlaps with the range
of variation observed for the Cambrian arthro-
pod Waptia fieldensis (Caron and Vannier, 2016).

While carrying eggs on the head may seem
unusual, it is far from unknown in arthropods.
Fortey and Hughes (1998) proposed that trilo-
bites brooded their eggs in anterior cephalic
pouches. One of the trilobites’ closest living
relatives, the horseshoe crab, carries its unfertil-
ized eggs internally within a prosomal ovarian
network within the head (Hong, 2011), though
they do not brood them externally.

This is not the first time that supposed tri-
lobite eggs have been putatively identified;
however, it is the first time that eggs have been
positively identified in association with a body
fossil. This firmly establishes the identity of
the eggs. Previous putative trilobite eggs have
lacked such a close association with a body
fossil (Barrande, 1872; Lin et al., 2006; Wet-
zel, 1968). Barrande (1872) reported some egg-
like structures in the glabela of Parabarrandia
crassa (Barrande, 1872), but they were housed
in an area now known to have held the gut tract
(Lerosey-Aubril et al., 2012) and have since been
reinterpreted as fecal pellets (Brunthansovd and
Kraft, 2003). The egg-like structures reported by
Billings (1870) and Walcott (1879, 1881) are
from thin sections and have been treated with
skepticism (Raymond, 1920).

If these structures are indeed eggs, what can
we infer about trilobite biology from them? First
among the inferences we can make is the posi-
tion of the eggs: are we seeing eggs still inside
the ovaries, or are they being held externally?
Due to the fact that internal organs are not fre-
quently preserved during the pyritization of
Beecher’s Bed trilobites (with the rare excep-
tion of putative gut tracts; see Cisne, 1981), the
eggs are likely to be external to the body and
within the same geochemical microenvironment
that led to the pyritization of the exoskeleton.
Trilobites may have had innocuous paired geni-
tal pores hidden at the base of one of the ante-
rior appendages, much like modern horseshoe
crabs, rather than external genitalia. If this sug-
gestion is true, the location of the eggs in the
genal angle and the comparison with modern
horseshoe crabs suggest that the location of the
paired genital pores was near the back of the
cephalon (as suggested by Raymond, 1920).
No exceptionally preserved trilobite has ever
preserved evidence of external genitalia or spe-
cialized appendages for sperm transfer or car-
rying eggs, supporting the idea of innocuous
genitalia and thus external fertilization. Almost
no exceptionally preserved arthropods from
the early Paleozoic preserve any evidence of
external genitalia (eurypterids are the exception
to this; they have well-known genital append-
ages; see Kamenz et al., 2011). Having genital
pores makes it unlikely that trilobites engaged
in any sort of copulation (i.e., intercourse with
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a penetrative organ; for examples of supposed
copulating trilobites, see Endo and Resser, 1937;
Hu, 1971) and even less likely that they had
internal fertilization (Fortey and Hughes, 1998).
Thus, it is ambiguous whether the eggs present
in the specimens are fertilized. It is possible that
trilobites may have had internal fertilization via
exchange of spermatophores, but they certainly
had no specialized morphology to pass along
the spermatophores. Thus, external fertilization
was likely for trilobites, and was probably the
primitive mode for fertilization in Arthropoda.

In the past, authors seem to have imprinted
the idea of mammalian-style sex onto their
interpretations of trilobite reproduction, going
so far as to interpret some specimens as being
fossilized in the act of copulation (Endo and
Resser, 1937; Hu, 1971). These trilobites with
fossilized eggs preserved make it exceedingly
unlikely that any trilobites will be discovered in
copula, because animals without external genita-
lia generally do not copulate. Instead, trilobites
may have spawned like horseshoe crabs, with
males clustering by females to ensure fertiliza-
tion. This is supported by accumulations of tri-
lobite exoskeletons that have been previously
interpreted as possible evidence of spawning
behaviors (e.g., Karim and Westrop, 2002).

A number of fossil arthropods known from
the early Paleozoic preserve evidence for carry-
ing their eggs (or developing young) externally
(Briggs et al., 2016a; Caron and Vannier, 2016;
Duan et al., 2014; Siveter et al., 2007, 2014).
One might be tempted to infer from these that
external brooding was the norm for early Paleo-
zoic arthropods. However, there is a possible
taphonomic bias at play. External structures,
as opposed to internal organs, are much easier
to preserve and interpret. Arthropods that did
not brood their young would not preserve any
evidence of reproductive behaviors; this would
be indistinguishable from males or nongravid
females from species that practiced brooding of
young. Arthropods that laid eggs and left them
are unlikely to be preserved in association with
their eggs.

ACKNOWLEDGMENTS

We thank D. Clark, B. Dasno, P. Isotalo, D. Martin,
G. Martin, P. Regel, A. Simpson, and T. Vivian for
their considerable help with field work. D.R. Clark
helped with the scanning electron microscopy work
and donated specimens for study. Hegna acknowl-
edges numerous helpful conversations with colleagues.
Comments from J.B. Bailey, L. Laibl, R. Lerosey-
Aubril, and an anonymous reviewer helped improve
this manuscript. S. Butts and J. Utrup helped with
specimen numbers.

REFERENCES CITED

Barrande, J., 1872, Systéme silurien du centre de la Bo-
héme, Iere Partie: Recherches paléontologiques,
I: Prague, J. Barrande, 647 p., doi:10.5962/bhl
Ltitle.14776.

Billings, E., 1870, Notes on some specimens of
Lower Silurian trilobites: Quarterly Journal of the

201



Geological Society of London, v. 26, p. 479-486,
doi:10.1144/GSL.JGS.1870.026.01-02.43.

Briggs, D.E.G., Siveter, Derek J., Siveter, David J.,
Sutton, M.D., and Legg, D., 20164, Tiny individu-
als attached to a new Silurian arthropod suggest
a unique mode of brood care: National Academy
of Sciences Proceedings, v. 113, p. 4410-4415,
doi:10.1073/pnas.1600489113.

Briggs, D.E.G., Siveter, D.J., Siveter, D.J., Sutton,
M.D., and Legg, D., 2016b, Aquilonifer’s kites
are not mites: National Academy of Sciences Pro-
ceedings, v. 113, p. E3320-E3321, doi:10.1073
/pnas.1606265113.

Caron, J.-B., and Vannier, J., 2016, Waptia and the
diversification of brood care in early arthropods:
Current Biology, v. 26, p. 69-74, doi:10.1016/j
.cub.2015.11.006.

Cisne, J.L., 1981, Triarthrus eatoni (Trilobita): Anat-
omy of its exoskeletal, skeletomuscular, and di-
gestive systems: Palaecontographica Americana,
v. 9, p. 95-142.

Duan, Y.-H., Han, J., Fu, D.-J., Zhang, X.-L., Yang, X.-
G., Komiya, T., and Shu, D., 2014, Reproductive
strategy of the bradoriid arthropod Kunmingella
douvillei from the Lower Cambrian Chengjiang
Lagerstitte, south China: Gondwana Research,
v. 25, p. 983-990, doi:10.1016/j.2r.2013.03.011.

Edgecombe, G.D., Chatterton, B.D.E., Vaccari, N.E.,
and Waisfeld, B.G., 2005, Triarthrinid trilobites
(Olenidae) from the Middle and Upper Ordovi-
cian, Precordillera of Argentina: Journal of Pa-
leontology, v. 79, p. 89—109, doi:10.1666/0022
-3360(2005)079<0089: TTOFTM>2.0.CO;2.

Endo, R., and Resser, C.E., 1937, The Sinian and
Cambrian formations and faunas of southern Man-
choukuo: Manchurian Science Museum Bulletin,
v. 1, P- 1-474.

Farrell, U., and Briggs, D.E.G., 2008, Pyritized tri-
lobite faunas from the Ordovician of New York
State: Beecher’s Trilobite Bed and the Whetstone
Gulf Formation near Lowville, in Rabano, 1., et
al., eds., Advances in trilobite research: Cuader-
nos del Museo Geominero 9: Madrid, Instituto
Geoldgico y Minero de Espaiia, p. 109-112.

Farrell, U., Martin, M.J., Hagadorn, J.W., Whiteley, T.,
and Briggs, D.E.G., 2009, Beyond Beecher’s Tri-
lobite Bed: Widespread pyritization of soft tissues
in the Late Ordovician Taconic foreland basin: Ge-
ology, v. 37, p. 907-910, doi:10.1130/G30177A.1.

202

Farrell, U.C., Briggs, D.E.G., and Gaines, R.R., 2011,
Paleoecology of the olenid trilobite Triarthrus:
New evidence from Beecher’s Trilobite Bed and
other sites of pyritization: Palaios, v. 26, p. 730—
742, doi:10.2110/palo.2011.p11-050r.

Fortey, R.A., and Hughes, N.C., 1998, Brood pouches
in trilobites: Journal of Paleontology, v. 72,
p- 638-649, doi:10.1017/S0022336000040361.

Fortey, R.A., and Morris, S.F., 1978, Discovery of
nauplius-like trilobite larvae: Palaecontology,
v. 21, p. 823-833.

Hall, J., 1838, Descriptions of two species of trilobites
belonging to the genus Paradoxides: American
Journal of Science, v. 33, p. 139-142.

Hong, S., 2011, Biology of horseshoe crabs, Tachy-
pleus tridentatus: Xiamen, China, Xiamen Uni-
versity Press, 342 p.

Hu, C.-H., 1971, Ontogeny and sexual dimorphism
of lower Paleozoic Trilobita: Palaecontographica
Americana, v. 7, p. 31-155.

Kamenz, C., Staude, A., and Dunlop, J.A., 2011,
Sperm carriers in Silurian sea scorpions: Natur-
wissenschaften, v. 98, p. 889-896, doi:10.1007
/s00114-011-0841-9.

Karim, T., and Westrop, S.R., 2002, Taphonomy and
paleoecology of Ordovician trilobite clusters,
Bromide Formation, south-central Oklahoma:
Palaios, v. 17, p. 394-402, doi:10.1669/0883

-1351(2002)017<0394: TAPOOT>2.0.CO;2.

Lerosey-Aubril, R., Hegna, T.A., Kier, C., Bonino, E.,
Habersetzer, J., and Carré, M., 2012, Controls
on gut phosphatisation: The trilobites from the
Weeks Formation Lagerstitte (Cambrian; Utah):
PLoS One, v. 7, €32934, do0i:10.1371/journal
.pone.0032934.

Lin, J.-P., Scott, A.C., Li, C.-W., Wu, H.-J., Ausich,
W.I., Zhao, Y.-L., and Hwu, Y.-K., 2006, Silici-
fied egg clusters from a Middle Cambrian Bur-
gess Shale—type deposit, Guizhou, south China:
Geology, v. 34, p. 1037-1040, doi:10.1130
/G23006A.1.

Mansson, K., and Clarkson, E.N.K., 2012, Ontog-
eny of the Upper Cambrian (Furongian) olenid
trilobite Protopeltura aciculate (Angelin, 1854)
from Skéane and Vistergotland, Sweden: Palae-
ontology, v. 55, p. 887-901, doi:10.1111/5.1475
-4983.2012.01162.x.

Piper, R., 2016, Offspring or phoronts? An alternative
interpretation of the “’kite-runner” fossil: National

Academy of Sciences Proceedings, v. 113, E3319,
doi:10.1073/pnas.1605909113.

Raymond, P.E., 1920, The appendages, anatomy, and
relationships of trilobites: Connecticut Academy
of Arts and Science Memoirs, v. 7, 169 p.

Shen, Y.-B., and Huang, D.-Y., 2008, Extant clam
shrimp egg morphology: Taxonomy and compari-
son with other fossil branchiopod eggs: Journal
of Crustacean Biology, v. 28, p. 352-360, doi: 10
.1163/20021975-99990380.

Siveter, D.J., Siveter, D.J., Sutton, M.D., and Briggs,
D.E.G., 2007, Brood care in a Silurian ostracod:
Royal Society of London Proceedings, ser. B,
v. 274, p. 465-469, doi:10.1098/rspb.2006.3756.

Siveter, D.J., Tanaka, G., Farrell, U.C., Martin, M.J.,
Siveter, D.J., and Briggs, D.E.G., 2014, Excep-
tionally preserved 450-million-year-old Ordovi-
cian ostracods with brood care: Current Biology,
v. 24, p. 801-806, doi:10.1016/j.cub.2014.02.040.

Sutton, M.D., Garwood, R.J., Siveter, David J., and
Siveter, Derek J., 2012, SPIERS and VAXML:
A software toolkit for tomographic visualisation
and a format for virtual specimen interchange:
Palaeontologia Electronica, v. 15, 15.2.5T, 4
p., palaeo-electronica.org/content/issue-2-2012

-technical-articles/226-virtual-palaeontology
-toolkit.

Thiéry, A., and Gasc, C., 1991, Resting eggs of Anos-
traca, Notostraca and Spinicaudata (Crustacea,
Branchiopoda) occurring in France: Identification
and taxonomical value: Hydrobiologia, v. 212,
p. 245-259, doi:10.1007/BF00026008.

Walcott, C.D., 1879, Note upon the eggs of the trilo-
bite: New York State Museum of Natural History
31st Regent’s Report, p. 66-67.

Walcott, C.D., 1881, The trilobite: New and old
evidence relating to its organization: Bulletin
of the Museum of Comparative Zoology, v. 8,
p. 191-230.

Wetzel, W., 1968, Fragliche Trilobiteneier: Neues Jahr-
buch fiir Geologie und Paldontologie Monatshefte,
v. 9, p. 530-534.

Manuscript received 18 July 2016
Revised manuscript received 7 November 2016
Manuscript accepted 8 November 2016

Printed in USA

www.gsapubs.org | Volume 45 | Number 3 | GEOLOGY



	ABSTRACT
	INTRODUCTION
	MATERIALS AND METHODS
	DESCRIPTION
	DISCUSSION
	ACKNOWLEDGMENTS
	REFERENCES CITED
	Figure 1
	Figure 2

